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The amino acids complexes of osmium(II), i.e. [Os(η6-p-cymene)(η1-N-(rac)-phenylglycine methyl
ester)Cl2 ] (A) and [Os(η6-p-cymene) (η1-N,N’-(S)-phenylalanine amido) Cl] (B), were prepared by an
ultrasound energy-assisted method at room temperature. The solid structures of the newly synthesized
complexes were determined by single crystal X-ray analysis. In A, osmium is bonded to 2 chloride ligands,
the η6-coordinated p-cymene molecule, and to a nitrogen atom of the corresponding amino acid derived
ligand, whereas in the case of B the central osmium is surrounded by an N, N’ bidentate amino amide
ligand, by an η6-coordinated p-cymene molecule, and a chloride ligand. Both complexes have a pseudotetrahedral geometry. As shown by X-ray structure, A exhibited racemization of the corresponding
ligand. The ligand retained its conﬁguration in B with co-crystallization of the 2 diastereomers, ROs SC
and SOs SC , in a single crystal.
Key Words: Osmium; X-Ray studies, N ligands, Amino acids, Half sandwich Complexes

Introduction
Transition metals, such as Rh, Pd, Pt, Ru, etc., have been extensively used as heterogeneous catalysts1−2 for
various transformations of molecules. A great number of transition metal complexes have been prepared and
used as homogeneous catalysts,3−4 because they are considered intermediates of metal-catalyzed reactions.
In general, not much is known about the chemistry of osmium arene complexes compared to those of
iron and ruthenium. Ruthenium and platinum complexes that contain chelating N,N-heterocyclic ligands,
for example, phenanthroline (phen), bipyridine (bipy), and phenylazopyridine (azpy), have been extensively
studied and some have been reported to show anticancer activity.5−7
∗ Corresponding

author
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The extensive use of amino acids and their derivatives as ligands is an extensively-researched topic in
organometallic chemistry.8 Metal complexes involving amino acid-type ligands have applications mainly in
bio-inorganic chemistry, for example, in the synthesis of peptides9 or bio-inorganic models.10
In this paper we report the synthesis and characterization, and the spectroscopic and X-ray structure
analysis of 2 new half-sandwich osmium(II) complexes, which were obtained using (R)-phenylglycine methyl
ester (L1) and (S)-phenylalanine amide (L2) as ligands. Analysis of the anticancer activity and catalytic
behavior of the reported complexes are currently underway in our laboratories.

Experimental
General methods
All of the reactions were performed under an atmosphere of dry nitrogen, using standard Schlenk techniques.
Solvents were dried before use and were stored over molecular sieves under nitrogen. Elemental analyses
(C, H, and N) were performed using a Flash EA 1112 analyzer. Infrared spectra were recorded with a
Nicolet 5700 FT-IR spectrophotometer in the range of 4000-400 cm−1 . 1H NMR spectra were obtained at
300 K on a Bruker 300 FT spectrometer, using SiMe4 as the internal standard. The hydrochloride forms
of enantiomerically pure (R)-phenylglycine methyl ester (L1.HCl) and S-phenylalanine amide (HL2.HCl)
were purchased from Aldrich, while [Os(p-cymene)Cl2 ]2 was synthesized according to the literature.11
Acetophenone (Aldrich) and cyclohexanone (Fluka) were used as received.

Preparation of the Os(II) Complexes
[Os(η6-p-cymene)( κ 1-N-L1)Cl2] (A)
In 30 ml of ethanol, 198 mg (0.9 mmol) of L1.HCl and 100 mg (0.9 mmol) of t-BuOK were dissolved at
room temperature; n-pentane was added and KCl was ﬁltered-oﬀ. A chloroform solution (15 ml) of [Os(pcymene)Cl2 ]2 (475 mg, 0.5 mmol) was added and the resulting dark brown solution was put in an ultrasonic
bath at room temperature for 1 h. A brown solid precipitated, which was ﬁltered-oﬀ, washed with diethyl
ether, and dried in vacuum. A further yield of solid was obtained from the refrigerated mother liquor. Brown
crystals suitable for X-ray analysis were obtained by re-crystallization in ethanol. Yield: 298 mg (79%); mp:
188 200 ◦ C. 1H NMR (CDCl3 ): d 1.29 (d, 3H, p-cymene, 3JHH = 7Hz), 1.35 (d, 3H, p-cymene, 3JHH =
7 Hz), 2.18 (s, 1H, H(Ph)NH2 ), 2.27(s, 3H, p-cymene), 3.10 (m, 1H, NH), 2.91 (m, 1H, p-cymene), 3.75 (s,
3H, (O)OCH3 ), 5.26(d, 1H, p-cymene, 3JHH = 6 Hz), 5.31(d, 1H, p-cymene, 3JHH = 6 Hz), 5.45 (m, 2H,
p-cymene), 7.40 (m, 5H, Ph), 7.69 (m, 1H, NH). Anal. calc. for C19 H23 Cl2 - NO2 Os: C, 40.71; H, 4.50; N,
2.50%. Found: C, 40.47; H, 4.59; N, 2.66%. IR: 3274-3221-3149 m(NH2 ), 1739 m(C=O ester), 1258 m(C=O
ester).

[Os(η6-p-cymene)(κ2-N,N’-L2)Cl].1/2H2O (B)
In 30 ml of ethanol, 130 mg (0.6 mmol) of HL2.HCl and 67 mg (0.6 mmol) of t-BuOK were dissolved,
a chloroform solution (15 ml) of [Os(p-cymene)-Cl2 ]2 (252 mg, 0.3 mmol) was added, and the resulting
brownish solution was agitated in an ultrasonicator at room temperature for 1 h. The solvents were then
removed (in vacuum) and the residue was treated with chloroform, ﬁltering the KCl oﬀ. The remaining
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light brown solution was refrigerated at 5-8 ◦ C to obtain brown prismatic crystals. A further yield of solid
(orange powder) was obtained by treating the mother liquor with diethyl ether after ﬁltration. Yield: 262
mg (75%); mp: 241-245 ◦ C. 1H NMR (CD3 OD): major diastereomer d 1.25 (d, 3H, p-cymene, 3JHH =
7Hz), 1.34 (d, 3H, p-cymene, 3JHH = 7Hz), 2.08 (sbr, 1H, NH), 2.11 (s, 3H, p-cymene), 2.44 (m, 2H, CH2),
2.73 (m, 1H, p-cymene), 3.10 (dd, 1H, CH(Bz)NH2 , 2JHH = 4.3 Hz), 5.54 (d, 1H, p-cymene, 3JHH = 6Hz),
5.63 (d, 1H, p-cymene, 3JHH = 5.8 Hz), 6.14 (d, 1H, p-cymene, 3JHH = 5.8 Hz), 6.48(d, 1H, p-cymene,
3JHH = 6Hz), 7.32–7.09 (m, 7H, Ph + NH2 ); minor diastereomer d 1.16 (d, 3H, p-cymene, 3JHH = 6.9
Hz), 5.20 (dbr, 2H, p-cymene, 3JHH = 5.7 Hz), 5.41 (dbr, 2H, p-cymene, 3JHH = 4.7 Hz). Anal. calc. for
C19H25ClN2OOs.1/2H2O: C, 42.89; H, 4.93; N, 5.26%. Found: C, 42.65; H, 4.74; N, 5.41%. IR: 3288–3120
(NH), 1580(C=O amide).

X-Ray Structures
X-ray diﬀraction data were collected on a Bruker-Siemens SMART AXS 1000 equipped with a CCD detector,
using graphite monochromated Mo Kα radiation (λ= 0.71065`Å). Data collection details were as follows:
Crystal to detector distance: 5.0 cm; frames collected: 2424 (complete sphere mode); time per frame: 30 s;
oscillation D U: 0.300◦. Crystal decay was negligible in both cases. Data reduction was performed for A and
B up to d = 0.70 and 0.90Å, respectively, with the SAINT package,14 and data were corrected for absorption
eﬀects using the SADABS15 procedure (Tmax = 1.000 and Tmin = 0.788 for A, and Tmax = 1.000 and Tmin
Table 1. Coordination bond lengths (Å) and angles (◦ ) for A and B.

S. No.

Bonds

A:
Bond Lengths

Bonded Atoms

Angles

1

Os–N

2.162(1)

N–Os–Cl2

82.19(4)

2

Os–(C10–C15)

2.153(1)–2.200(1)

N–Os–Cl1

82.07(4)

3

Os–Cy

1.61

Cl2–Os –Cl1

87.11(1)

4

Os–Cl2

2.4136(4)

Cy–Os–N

133

5

Os–Cl1

2.4203(4)

Cy–Os–Cl1

125

—

—

Cy–Os–Cl2

128

Bonds

B:
Bond Lengths

1

Os1–N1

2.055(9)/ 2.123(8)

Os2–N3

2.050(9)

2

(C10–C15)

2.15(1)–2.19(1)

Os2–(C29–C34)

2.13(1)–2.24(1)

3

Os1–Cl1

2.432(3)

Os2–Cl2

2.435(3)

4

Os1–Cy1

1.62

Os2–Cy2

1.67

5

N1– Os1–N2

76.5(3)

N3– Os2–N4

76.5(3)

6

N1– Os1–Cl1

86.3(3)

N3– Os2–Cl2

87.5(3)

7

N2– Os1–Cl1

82.5(2)

N4– Os2–Cl2

82.3(3)

8

Cy1– Os1–N1

130

Cy2– Os2–N3

131

9

Cy1– Os1–N2

131

Cy2– Os 2–N4

132

10

Cy1– Os1–Cl1

127

Cy2– Os2–Cl2

128

S. No.

Bonded Atoms

Angles
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Table 2. Crystal data and structure elucidation for A and B.

Identiﬁcation code

A

B

Empirical formula

C19 H25 Cl2 NO2 Os

[C19H25 ClN2 OOs]2 ·1/2H2 O

Formula weight

560.00

1054.00

◦

Wavelength (A )

0.71069

0.71069

Crystal system

triclinic

tetragonal

Space group

P

I41

a (Å)

9.7090(9)

23.551(2)

b (Å)

9.7698(9)

Unit cell dimensions

c (Å)

10.765(1)

α (o )

97.615(2)

β (o )

97.412(2)

o

γ( )

14.721(1)

105.011(2)
3

Volume (Å )

965.92(15)

8190(1)

Z

2

8

Dcalc Mg/m

3

1.6154

1.425

Absorption coeﬃcient mm−1

1.0995

0.907

F (000)

480

3595

θ Range for data collection ( )

1.93-30.33

1.51-24.01

Reﬂections collected

13591

36800

Data/restraints/parameters

5256/0/240

5920/9/440

Goodness-of-ﬁt on F2

1.3036

1.171

Final R indices [I > 2r(I)]

R1 = 0.0210, wR2 = 0.0531

R1 = 0.0361, wR2 = 0.9981

R indices (all data)

R1 = 0.0240, wR2 = 0.0551

R1 = 0.0539, wR2 = 0.1202

0.485/-0.459

0.912/-0.310

o

Largest dF maximum/minimum (e Å

−3

)

= 0.848 for B). The phase problem was solved by direct methods and reﬁned by full-matrix least-squares on
all F21,16 implemented in the WINGX 19 package. A partially occupied (50%) water molecule completes the
asymmetric unit contents for B. The absolute structure for B was assessed by Flack’s parameter = –0.10 (7).
Anisotropic displacement parameters were reﬁned for all non-hydrogen atoms, while hydrogen atoms were
introduced in calculated positions, leaving only amine and amide hydrogen atoms, which were positioned
from Fourier maps and then reﬁned isotropically. Reﬁnement results and data collection are also reported
(Table 2). Cambridge Crystallographic Database19 facilities were used for complete structure discussion.

Results and Discussion
In an ethanol/chloroform mixture, [Os(p-cymene)Cl2 ]2 was made to react with L1.HCl at room temperature
to yield complex A (Scheme 1). The reaction was conducted under dry conditions to avoid the hydrolysis of
the methyl-ester group of the corresponding ligand. A was obtained as a brownish powder, which is stable,
both in the solid state as well as in open air solution form, with a pseudo-tetrahedral geometry, where
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osmium is bonded to an η6-coordinated p-cymene molecule, to the amine group of L1, and to 2 chloride
ligands.
The ester group remains out of the coordination sphere, which was evidenced by the strong IR
stretching band at 1739 cm−1 , equivalent to that of L1.HCl. The stretching signals of the amine group
are in the range of 3267-3148 cm−1 . In the 1H NMR spectrum, the splitting of the NH2 signals (2 multiplets
at 3.06 and 7.05 ppm, respectively) was obvious as a result of the interaction of the nitrogen donor with the
metal center. Moreover, all other signals showed the expected chemical shifts.

Ph
H2 N

O
OMe

1/2[Os-(p-cymene)Cl2 ]2
EtOH/CHCl3

Os
Cl
Cl
Ph NH2

O

OMe

Scheme 1.

Very ﬁne single crystals of A were grown in ethanol to establish the structure of the complex. The
crystal structure of A (Figure 1) suggested that the coordination geometry of the [OsNCl2 (η6-C6 )] moiety
(Table 1) was tetrahedral, by considering the center (Cy) of the η6-p-cymene aromatic ring being in the
fourth ligand position. In fact, the Os–C distances relative to the p-cymene coordination range from 2.167 Å
(±0.002) (for B) to 2.200 Å (±0.002) (for A), with Os–Cy = 1.659 Å (±0.002) (for A). The overall shape of
A, therefore, may be called a piano stool-like geometry. The racemization of L1 may be due to the presence
of a phenyl ring on the a-carbon atom, which is able to stabilize the incipient carbo anion20 formed upon
proton abstraction enhanced by traces of free t-BuOK. This is supported by the unobserved racemization
of the ligand during the synthesis of a similar ruthenium [Ru(η6-benzene)(L-alaMe)Cl2 ] complex,21 where a
methyl group is attached to the a-carbon atom.
The signiﬁcant distortion in the tetrahedral coordination geometry, by tightening of the N–Os–Cl
angles, and the widening of those of Cy–Os–N and Cy–Os–Cl is clearly a function of the large steric hindrance
of p-cymene. The p-cymene is positioned in such a way that the C10–C16 bond to the methyl group is eclipsed
to the Os–Cl2 bond [C16–C10–Os–Cl2 = 11.3(2)◦]. The most pertinent conformational degrees of freedom
of L1 in A are the rotations around the Os–NH2 bond and the NH2 –CH bond, which together determine the
orientation of the aromatic group of the phenylglycine residue relative to the p-cymene ligand. As regards
the former, in A the N–H bonds belonging to the mono-hapto –NH2 group are eclipsed with respect to the
Os–Cl bonds (Cl2–Os–N–C1 = 126.2(1)◦ ), while the latter is characterized by the torsion angle, Os–N–C1–
C2 = 60.2(2)◦. These values show that the ligand aromatic residue is oriented towards the p-cymene methyl
end, giving edge-to-face intramolecular contact between the p-cymene aromatic C–H groups and the L1 π
electron density (H11—- C2 = 2.67 Å (±0.002)). In examining the crystal packing of A it is convenient to
refer to the distribution of the shortest Os–Os contacts in order to analyze how the complex molecules are
paired by intermolecular interactions (Table 3). Brunner individuated the inverted piano stool motif as a
common molecular recognition pattern in (p-cymene)MXYZ-type complexes. In particular, this motif has
been invoked to justify the remarkable trend to co-crystallization shown by the diastereoisomeric pairs,22
and this issue will be further considered in discussing the crystal structure of B.
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Figure 1. The molecular structure of B and its atom-numbering scheme. Displacement ellipsoids are drawn at the
40% probability level.

Figure 2. Molecular aggregation with hydrogen bonding in the crystal structure of A.
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Figure 3. The molecular structure of A and B and their atom-numbering schemes. Displacement ellipsoids are
drawn at the 30% probability level. Hydrogen not bonded to N and chiral C atoms have been omitted for clarity.
Table 3. Hydrogen-bond geometry for A and B.

A:
Bonds

Bond lengths (`Å)

Bonded atoms

Angles (◦ )

Os-Os i

6.65

Cy-Os-Os i

76

Os-Os ii

6.77

N-H—Cl ii

145(2)

N-Cl ii

3.51 (2)

C-H—Cl2 i

30(2)

-NH—Cl i

11.51 (2)

C=O—H i

129

-NH—Cl ii

10.25 (2)
B:

Bonds

Bond lengths (`Å)

Bonded atoms

Angles (◦ )

-N2—O1 i

2.78(1)

N2-H—O1 i

164(7)

-N4—O2 ii

2.84(1)

N4-H—O2 ii

161(6)

-N1H—Cl2 i

2.64

C-H—O1 i

42(2)

-N3H—Cl1 ii

2.54

N3—Cl—CH(Cy)

64(n)

[Symmetry codes: (i) –x1 -y1 2-z , (ii) –x1 -y1 1-z]

HL2 reacts with [Os(p-cymene)Cl2 ]2 under the same experimental conditions as for A, leading to
complex B (Scheme 2). The product is stable in the solid state as well as in open air solutions. The ligand
shows bidentate behavior, binding the metal through the amine and amide nitrogen atoms. Complexation
occurs with elimination of an HCl molecule, subsequent to the mono deprotonation of the amide nitrogen,
243

Synthesis and X-Ray Structural Studies of..., R. A. SARFRAZ, et al.,

and then L1 acts as an anionic N,N’ bidentate ligand. The pseudo-tetrahedral coordination is completed by
a chloride ligand and an η6-coordinated p-cymene ring. The IR spectrum shows a strong stretching band of
the amide C=O group at 1575 cm−1 ,23,24 while the stretching of the NH bonds originates in an unresolved
band in the region of 3280-3120 cm−1 . The 1H NMR spectrum recorded in CD3 OD shows the presence
of 2 diastereomers (see Section 3); at room temperature they are in a 75:25 ratio. The formation of pairs
of diastereomers is common for half-sandwich Os(II) complexes of this type that contain chiral bidentate
ligands; in complexes of the general formula, M(arene)(LL’)X (X = halogen or other unidentate ligand),
the formally monohapto coordination of the p-cymene ring imparts the metal a stereogenic center. Thus,
in the presence of an enantiomerically pure ligand (in the present case having an SC conﬁguration), the 2
diastereomers, ROs SC and SOs SC , appear.

O
H2 N

NH2

1/2[Os-(p-cymene)Cl2 ]2
EtOH/CHCl3
-HCl

Os
NH
O

Cl
NH2

Scheme 2.

Interestingly, the X-ray diﬀraction analysis carried out on a single crystal of B obtained from a
chloroform solution at 5 ◦ C showed the presence of both diastereomers. In contrast to ligand L1, the Xray analysis of B indicates that L2 has retained its conﬁguration at the stereogenic carbon atom. The
presence of 2 diastereomers in the same crystal is an interesting feature, already observed for ruthenium
and a congener of osmium in Ru(η6-arene)(LL’)Cl-type complexes; more than 17 examples are reported in
the literature,22 the majority of which deal with the type of complexes of the general formula, [Ru(η6-pcymene)( salicylaldiminate-ligand)Cl], and only in one case the ligand is N,N’22. This co-crystallization is
usually based on a sort of molecular recognition within inverted piano stool-like dimers. This feature is
evident in the crystal structure of the 2 independent diastereomers, SOs SC (molecule A*, Os2) and ROs SC
(molecule B*, Os1), present in the asymmetric unit of B.
Table 1 lists the most similar geometric characteristics of the 2 molecules, which co-crystallize in the
acentric polar space group, I41 . In both cases, the osmium coordination is tetrahedral, by considering the
chlorine ligand, the amidic and aminic nitrogen atoms of the bidentate ligand, and the geometric centre (Cy)
of the p-cymene aromatic ring as the 4 donors. In both molecules, the coordination to the deprotonated
amidic donor is stronger than the aminic group. The N, N’ chelation of L2 to Os generates a 5-membered
chelation ring, with bite angles N– Os –N = 76.5(3)◦ in A* and B*, while the remaining coordination
angles on Os are larger than the corresponding ones in A*. The opposite absolute conﬁguration of the metal
in A* and B* results in a diﬀerent orientation of the Os –Cl bond relative to the C–H bond of the chiral
carbon atom (C2 and C21, respectively, for A* and B*). Both bonds are axially oriented with respect to the
chelation rings, but they are in anti-conﬁguration in B* and syn-conﬁguration in A*. The p-cymene is always
coordinated with the methyl end pointing towards the chlorine ligand [C16–C11– Os1–Cl1 = –20.6(9)◦, C16
– – – Cl1 = 3.55(1) Å ; C35–C34– Os2–Cl2 = –23.5(9)◦,C35 – – – Cl2 = 3.56(1) Å]. Diastereomers A*
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and B* co-crystallize by forming an inverted piano stool dimer, wherein A* and B* are related by a noncrystallographic operation mimicking a center of inversion, so that the aromatic p-cymene moieties lie parallel
on opposite sides relative to the metal atoms. It has been suggested22 that the stability of this inverted
piano stool recognition pattern is the reason for the relevant occurrence of diastereomers co-crystallization
for Os(η6-arene)XYZ-type complexes with electronegative X and Y. The inversion operation is required in
order to create contacts between complementary groups on A* and B*: C29—O1 = 3.41(1), C10 – – – O2
= 3.36(1), N1– – – Cl2 = 3.490(8), and N3 – – – Cl1 = 3.481(8) Å. This non-crystallographic operation acts
locally between the metal centers of the A*–B* dimers, so that the 2 molecules show opposite chirality on
the metals.
However, due to the enantiomeric purity of L2, the symmetry relation cannot be extended to the
entire molecular pair, but is conﬁned to the central core, inside the limit deﬁned by the chiral carbons. The
2 resulting SOs SC and ROs SC complexes are in close contact, with Os1 – – – Os2 = 5.11 Å (±0.002), Cy–
Os– Os– Cy’ = 180◦ (±0.002), and Cy– Os– Os’ = 111◦(±0.002), which are quite typical values for this
kind of pattern.12 The next shortest Os – Os’ contacts are larger than 6.6 Å (±0.002). Most interesting
is the organization of the crystal architecture. Each diastereomer is part of a helix of analogous molecules
based on the strong hydrogen bonds (Table 3). Both helices A and B are generated by the 41 symmetry
operator, with pitch c = 14.572(1) Å (Figure 4), but they have opposite handedness; right-handed for B and
left-handed for A. The helix handedness is governed by metal conﬁguration, so that all the chlorine ligands
stick out from the corners of the chains. The intra-chain packing of L2 is the main diﬀerence between the
2 diastereomeric helices, A and B. Helices interact in the crystal through the inverted piano stool dimers
located at each 90◦ turn of the helix, so that each helix is surrounded by 4 helices of opposite type packed
in anti-parallel mode.

Figure 4. Diﬀerent 3D orientations and structures of the hydrogen-bonded chains in B. The opposite handedness of
the chains formed by I (left handed) and II (right handed) is represented by a dotted line connecting the Os atoms.
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The preparation of Os(II) complexes containing other amino acids ligands with the aim to improve
the enantioselectivity of the hydrogen transfer reaction, as well as their anticancer activity, is currently being
carried out in our laboratory.

Conclusions
Os(II) complexes of amino acid derivatives were prepared and characterized. X-ray studies were carried
out to establish the crystal structure of both complexes. Atypical co-crystallization of the 2 diastereomers,
ROs SC and SOs SC , was found in complex B, with the ligand, (S)-phenylalanine amide. The 2 helices have
opposite handedness deﬁned by the metal conﬁguration; left-handed for the ROs SC isomer and right-handed
for the ROs SC isomer.
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